Industry should be sited at locations where its environmental load does the least damage. We examined the particular case of paper production at eight paper mills in relative pristine environments in Norway and calculated resource use, emissions, and environmental effects, the last theme in terms of 12 end point criteria. Compared to a scenario corresponding to fictitious mills sited in densely populated industrial regions in West-Central Europe we obtained end point damages ranging from 3% to 23% of these "worst-case" damages for 9 of the 12 end point attributes. For three of the end points there were no clear differences. Reasons for the smaller damages in the Norwegian environment were higher dilution and self-cleaning capacity of air and water recipients, lower background concentrations of pollutants, and lower concentrations of natural and cultural resources. When we applied low-end and average "unit pollutant prices" for a selection of the paper industry's resource uses and pollutant emissions, the damage costs were 7-17% of the paper industry's contribution to the gross domestic product. However, even if there are advantages in terms of reduced damages by locating industry to pristine environments, the actual siting decision also depends on consistent and durable economic and political value judgments.
Introduction
Nature's self-cleaning capacity and the regional abundance of natural and socioeconomic resources contribute to the extent of external effects of industrial production. This study examines the extent to which pristine sites or regions can be valued as industrial resources. There are several rationales for not doing so. MacGuire and Childs (1) argue in favor of locating paper-recycling mills near to, or within cities, as part of a "sustainable city" paradigm. Restrictions with references to the recipient capacity have been difficult to control and enforce, and differences in discharge volumes per produced unit skew competition among factories located in regions with different environmental conditions. Goals for pollution discharges from industry and municipalities have therefore often been formulated in terms of fixed discharges, e.g., in kilograms per produced unit, and not with reference to a "critical load" for the recipients used (e.g., ref 2) . On the other hand, several authors include waste treatment by nature explicitly or implicitly as an ecosystem service to mankind (3, 4) . In the present study we hypothesize that sites with high self-cleaning and storage capacity for pollutants, low density of people and buildings (socioeconomy), without threatened species, and far from nature reservation areas are optimal sites for industrial activities. Regional resources, which allow mitigation of global pollution (e.g., greenhouse gases) and use of renewable resources, may add to local, site specific, advantages.
An outline of the relationship among the different parts of the study is given in Figure 1 . It consists of four main parts: a life cycle analysis, LCA, of the (almost) complete life of paper products from eight Norwegian mills, a dilution model, exposure/response models, and calculations of external costs. The costs are determined in two ways: by a multiplier applied to the industry's contribution to the gross domestic product, GDP, and by applying "unit pollutant prices" directly to emissions, discharges, and resource uses of the production process. The multiplier is obtained by dividing the cost of national pollution aggregates with GDP, and unit pollution prices were obtained from the literature. These prices are often based on data for willingness to pay, WTP, for public goods and services (e.g.,
ref 3).
To discuss the concept of nature as a recipient resource we wanted to use as an example an industry which uses considerable amounts of resources and that has discharges both to water and to air. Furthermore, we wanted to describe the environmental load of an industry with a complex but manageable life cycle for its products. We chose the paper industry, and the discussion below starts with a study on the environmental impact of paper mills.
Our study describes two scenarios; the first shows the environmental impact at the actual location of eight pulp and paper mills in Norway. The second set of calculations assumes that similar mills with the same resource use, emissions, and discharges are fictitiously located in a reasonable "worst-case" location, e.g., an old industrial region in West-Central Europe. [Selection of "worst case" is always difficult. However, we hope the background description below gives sufficient information on our choice of a worst case. We rejected the alternative of comparing Norwegian mills to existing West-Central European mills, both because of lack of data, and because of differences in production technology and paper product mixes.] The West-Central Euorpean location is assumed to have low self-cleaning capacity and high concentrations of susceptible resources. Comparison of the two calculations suggest, in terms of 12 environmental criteria, the extent of the advantages and disadvantages of choosing pristine sites for location of industry.
The results can be used as a partial input in multicriteria decision making (5, 6, 
Study Areas
Norway (58-71°N, 5-31°E) is, with the exception of the northern arctic parts, a region with high self-cleaning capacity and relatively low levels of "background" pollutants. Norway, as do all other industrial countries, has polluted "hot-spots", e.g., fjord branches polluted by heavy metals from old sediment deposits (11) and areas designated for maintenance in a "pristine" state (e.g., natural parks, protected areas (12, 13) , and cultural artifacts on UNESCO's 1972 list of global culture heritages (14) ). We can illustrate the difference between Southern Norway and Western-Central European countries by comparing Norway to The Netherlands (50-53°N, 3-7°E), because The Netherlands is a country in Europe with low dilution capacity and relatively high potential impacts from pollution, e.g., forest and woodland per capita is about 1% of that of Norway, and population density is 26 times as high.
Locations. Seven of the pulp and paper mills are sited in Southern Norway and one in Middle Norway (none in Northern Norway). All of the sites were characterized with respect to potential for water, air, and soil pollution. Water dilution potential and water quality were both categorized on a scale from A (best) to F (worst). Six of the eight Norwegian mills are sited at estuaries or open marine waters. Two of the mills are sited close to rivers (typical average water flows 100-400 m 3 ‚s -1
), but one of these mills has a pipeline for water effluent to open marine waters. The water dilution categories are related to physical and morphological attributes of the receiving water (closed versus open estuaries), typical residence time for conservative chemical substances, water depth, etc. Water pollution potential and water quality in West-Central Europe was graded as F, because river water is the most common recipient and because many rivers already have pollution loads above critical values.
Most of the paper mills are located in areas with fairly good air dilution capacities. To characterize air dilution capability we have used for normal classes for air stability where A designates very unstable air, and thus high dilution capacity, and F designates very high stability. Air dilution potential was graded as E in West-Central Europe to approximate a reasonable worst-case site.
Soil dilution capacity is in this study related directly to the buffer capacity for acidification and nitrogen loads. Also in this case we have used a scale from A to F (F worst).
Category F designates areas where acidification, excess nitrogen loads, and toxic substances are a concern. In Southern Norway a high proportion of lakes has been exposed to excess acidification (15) . However, excess nitrogen load is considered a minor problem in Norway, in contrast to the situation in many West-Central European countries. Thus, mills in southern Norway were assigned to category C and mills in middle Norway to category A. Mills in West-Central Europe were graded as C.
The resource classification expresses the density and vulnerability of the targets or end point resources in the exposed area. For ecosystems attributes we assign the score F to pristine systems that are rare (16) or is habitat for threatened or endangered species or require more than about 20 years to return to a pristine state. A normal, common habitat with low vulnerability is assigned a score of B. [For e.g., noise, areas may be defined as "industrialized" zones, and higher noise and pollution levels are accepted. We have not used this option in the present work.] Four of the mills were located in densely populated areas, according to Norwegian standards, with average population densities ranging from 400 to about 1000 inhabitants km
. The remaining mills were sited in rural surroundings. In the calculation of human impacts, people densities were either inflated by a factor of 4 to reflect enhanced population densities in the vicinity of mills close to townships, or, if available, the actual density of people in the major downwind direction of the mills was used. Other end points related directly to human activity, like corrosion damages to buildings, were based on data for building mass per square kilometer. For areas close to cities in West-Central Europe, the density of people was set to 6000 inhabitants per km 2 .
[Average density of people in 29 cities in the Baltic Sea drainage area is 10 000 km -2 (4) .] The density of other resources was either calculated from this number or estimated independently if data were available.
Method
The self-cleaning ability depends on the type of pollution, the characteristics of the recipient, and the end points used FIGURE 1. Study framework. The study consists of four major parts depicted as "islands" of science disciplines on the figure. The life cycle analysis quantify environmental impacts in terms of resource uses and pollutant emissions (air) and discharges (water) over the complete life of paper products. These are as follows: (1) logging operations and extraction of raw materials, (2) transport of raw materials, (3) production of raw materials at the auxiliary mills, e.g., pulp, (4) paper production at the paper mills, (5) transport to primary user, (6) printing of newspaper, and (7) recovering of paper products. Resource use, emission, and discharges give input to two sets of models: the dilution and exposure/response models give externalities in nonmonetary terms, the "unit" price" models give externalities in monetary terms. Sale of paper products (steps 3 and 4) give the products contribute to the gross domestic product, GDP, the P -GDP. Lines suggest transfer of information among submodels. Dashed lines show transfers and calculations obtained from other studies.
by society to measure the quality of the environment. There are two basic methods for finding the effect of pollutants on the environment. What could be called a top-down, or large region, approach has been used to calculate "environmental services" and "footprints" (3, 4) . An alternative method is often called the bottom-up approach and is used in the present work. With this method a pollutant is followed from its origin, e.g., a paper mill, during spreading and dilution until it reaches its targets, that is, the end points. The units used to describe this chain of events are typically the following: (i) kg‚pollutant day -1 tonne -1 of product produced; kg‚day -1 if pollutants come from other sources; (ii) tons yr -1 of total production, (iii) concentration of pollutant in µg m -3 ; (iv) critical concentrations for pollutant effects [In the source material used for this study (18) , health damages to people have also been calculated using cancer slope factors.], (v) the number of km 2 with concentrations above the critical levels, (vi) density of target resources, e.g., number of people per km 2 , and finally (vii) the amount of the end point target affected. The emission and discharge rates and the time rate of self-cleaning are used as parameters when we determine the time period for spatial aggregation of pollutants in the dilution models.
End-of Pipe Emissions.
To find the impact of pollution from eight paper mills in Norway, we first used conventional life cycle analysis but reparametrized some of its functions (Using the program package "Inventory Tool" from Chalmers Industriteknik, we chose 1000 kg of paper products as the functional unit.). The life cycle analysis included seven steps as shown in Figure 1 : The life cycle analyses gives discharges of pollutants and requirements for land areas calculated per functional unit produced.
End Points. Each of the pollutants may affect several end points (or environmental concerns), and several end points may be affected by several pollutants or land use requirements. The end points reflect targets given protection in environmental laws, like the National Environmental Policy Act, the Clean Air Act, and the Clean Water Act in United States and similar laws in other countries. The end points used in our analysis were formulated as the goal hierarchy shown in Figure 2 . There are five main categories. (18) . In Finland, Germany, and England 30%, 6%, and 1% of the electricity is generated by hydropower, respectively. Nuclear power plants generate about 30% in the three last countries, none in Norway (19) (20) (21) . Resource use is measured as a fraction of the oil reserves.
Climate Impacts. This category reflects global pollutant by carbon dioxide (CO2) and methane (CH4). Wood for paper production is regarded as CO2 neutral, but forests are impacted because of planting, logging, and management operations that disturb the natural forest ecosystem. The main source of methane is gas release from degrading organic materials in landfills. Waste paper is in many cases an important part of this material. Although there are, with current technology, no local measures that can directly mitigate emissions of CO2, the local environment may allow foresting, and forests will sequester CO2 because of buildup of organic matter above, and below ground (e.g., refs 22 and 23) CO2 equivalents are used as a proxy for climate impacts.
Air-Borne Pollutants. Air-borne pollutants refer to discharges of gases such as sulfur oxides, SOx; nitrogen oxides, NOx; volatile organic carbon, VOC; carbon monoxide, CO; and particulate matter, PM10. The end point impact is "excess human exposure" to above critical limits (WHO, 1987 guidelines (24)) and "excess humans at risk" (both as number of people). Damages caused by precipitation of pollutants which reaches the soil is treated under the land use group of attributes. The human exposure attribute tries to capture nuisance conditions, asthma symptoms, excess periods of common colds, etc. The damages are transitory. The excess humans at risk attribute is intended to capture the increased risk of mortality by, e.g., angina attacks.
Corrosion. Effects from airborne pollutants on materials are expressed as the annual monetary cost of building rehabilitation and other constructions (Euro yr -1 ). Damages to monuments and cultural artifacts are intended to capture the consequences for cultural heritage objects and are expressed by the number of such artifacts exposed to above WHO guideline concentrations of SOx (number of artifacts.)
Water-Borne Pollutants and Water Use. Water-borne pollutants include the two mineral nutrients total phosphorus (TP) and total nitrogen (TN) and chemical oxygen demand (COD). Effects on waters are expressed here as the maximum area extent of waters (km 2 ) where discharges from the mills contribute to concentrations higher than 50 mg TN‚m -3 , 10 mg TP‚m -3 , or 2000 mg COD m -3 . To assess the environmental load of water use we use as a proxy the ratio of water use of the "average" paper mill to the available amount of water per capita and year in Norway and West-Central Europe, respectively. Soil Pollution and Land Use. This group of attributes is intended to express the effects on vegetation, wildlife, and endangered species. It also includes an attribute describing the land area required to store paper waste. Since an inventory of terrestrial damages around the paper mills was not available, and probably also would have been very difficult to compile, we assumed that vegetation and wildlife in an area would be in less than an optimum state if one of the following criteria were met: (i) the concentrations of airborne pollutants were above critical concentrations; (ii) the area was occupied by, or within the influence of, landfills; (iii) it was within the influence of hydropower dam regulation; or (iv) it was within a managed forest zone. There was, as far as we know, no area in the vicinity of the paper mills that included species on Norway's list of endangered species, on the list of nature protection areas, or on the list of national heritage objects.
Unit Pollution Values. We calculated the monetary "value" of the most important discharges and resource uses by multiplying these volumes with published "pollution unit values". The rationale behind such "unit" values is that each unit of pollution will cause an average or "standardized" damage, and the value of this damage can be assigned a price (in contrast to the present work where we claim that the damage varies among sites, cf. ref 2). The price of the environmental goods and services damaged, or the "willingness to pay", can for some resources be obtained by calculating actual damage and repair costs, by contingent market questionnaires or by calculating control, or prevention, costs to avoid the damages (25) . Unit value prices used in this study were as follows: electricity, 1-1. . Dilution Model. To calculate dilution in water and air we use a simple box model similar to one described by Canter (26) but somewhat differently parametrized and with surface area as an unknown parameter. We assume that the maximum residence time for pollutants in air is 24 h (1 h in Canter) [Typical average residence times in the atmosphere for SOx and NOx are 1-5 days.] and that the residence time is 1 week in water. Note that rates of pollution emissions and rates of self-purification then become part of the damage calculation procedure. Modifying factors for the box model applied to air pollutants were determined with a simple Gaussian air dispersion model including stack height functionality, e.g., as described by Kiely (27) . The results from the box model were corroborated by comparisons to actual observations at paper mill sites.
Results
The actual calculations were made for all eight mills included in the study, but we illustrate the calculation by giving results for an "average" mill producing 200 000 metric tons of paper products. (We assigned all of the production and all of the environmental load to the mills producing various paper grades, but the effects of that portion of the environmental load which occurred at the pulp producing mills were calculated for these mills.) There were large and significant differences among the studied mills both in their energy use and their pollutant discharges. Part of the differences could be related to the different paper grades produced, partly to production policy.
A portion of the emissions occurs at the mill site. Methane emissions occur mainly as a result of anaerobic degradation of paper in landfills, and emission at mill sites is therefore approximately 0%. About 50% of the life cycle emissions of SOx, NOx, and CO2, and of fossil fuel use, occur at the mill sites. Almost 100% of the emission to water occurs at the mill sites.
Results on resource use, end-of-pipe emissions and discharges, and end point effects were normally, when comparisons were possible, within the range of results from an English ((21) two exceptions), a Finnish (19, 20) , and a Swedish study (28) .
The environmental loads of our normalized paper mill, in terms of the end points chosen, are shown in Figure 3a -c. (In Figure 3a absolute values are given in figure text.) For five of the end points there are mill sites in Norway that would give higher than West-Central Europe damages had the mills been upgraded to produce the same tonnage as the reference mill (200 000 tons). For resource use and global pollutants we obtain no site advantages, but we will discuss possible mitigation measures for these pollutants in the next section. The paper industry had less than proportional impact on the Norwegian environment than its share of the total industrial GDP except on waste depot size and methane production.
Discussion
Our results show that siting may have an important influence on the end point effects of pollutant emissions. We obtained end point damages ranging from 3% to 23% of the worstcase damages for 9 of the 12 end point attributes. For two other end points there were no clear differences (use of finite energy sources, global pollution potential). There were no endangered species threatened in Norway, and no data available for an assessment in West-Central Europe. The differences were caused by higher self-cleaning capacity (including dilution capacity in air, water, and soil), lower background values for pollutants, and lower concentrations of susceptible resources. The two end points with no clear difference between potential and actual damage deserve some attention. In Norway, about 99% of the total energy consumption is generated by hydropower that may, or may not, be a better source for heat than coal, oil, and gas. Subjective (political) tradeoff is required to determine which is best. [This assessment requires a tradeoff between the use of finite energy resources, CO2 emissions, air pollutants, and land-and-water environment uses.] To avoid confounding factors, we assumed that mills in the West-Central European scenario used similar energy sources as the mills in Norway. In principle, European mills could buy electricity based on hydropower or nuclear generators. Environmental issues related to the use of nuclear power are not discussed in the present work.
There is currently no agreement on the role of CO2 bound in wood, e.g., discussions between MacGuire and Childs (1) and Leach and co-workers (21, 29) . However, in the present study the disadvantages of managed "CO2" forests relative to unmanaged forests are included as a separate attribute. Furthermore, Norway has the potential of increasing its area of forests. Water for processing and cooling is not as limiting in Norway as in most West-Central European countries and could be used more abundantly, e.g., to dilute marginal water pollutants.
Using a reasonable selection of low and average "unit values" expressing the environmental costs of using energy and discharging pollutants, we found that the costs of the environmental loads from the Norwegian mills sites were about 2-3% of the mills contribution to the gross national product (14-18 × 10 6 Euro versus 730 × 10 6 Euro). For the whole life cycle the environmental load costs were 50 × 10 6 -127 × 10 6 Euro or 7-17% of the mills GDP contribution. This contrasts, but does not necessarily conflict, with results reported by Constanza et al. (3) who found the global environmental services, ES, to be 1.8 times the global GDP.
We have assumed a methane generation of 116 kg tons -1 at landfills, and it is the methane generation that causes the major portion of the increase in environmental costs when the whole life cycle is included in the calculations. If methane production at the landfills can be reduced to 40 kg tons -1 , then the LC external load becomes 30 × 10 6 -61 × 10 6 Euro. We have not considered high "unit prices", because such prices appear too far from implementation in the foreseeable future. In addition to uncertainties in estimating unit values, and some incompleteness in assigning unit prices to all emissions, there are difficulties in avoiding double counting of costs. For example, there is yet no consensus on how NOx, SO2, and particulates act together to impact health (30) , and a supply of total nitrogen probably decreases water quality only at high nutrient concentrations (TN greater than 2000 mg m -3 (31)). Some Reflections on the Use of Pristine Environment as an Industrial Resource. The title of the present paper asks whether a pristine environment can be treated as an industrial resource. The answer depends partly on scientific evidence and partly on political and value judgments. Neither of the end points obtains values that are seriously above recommended criteria values for the protection of health and the environment. On the other hand, nor are the values insignificant. Thus, we tend to answer "yes" to the question in the title. Two positions may be defined with respect to this dilemma: the Purists and the Gardeners. (The term "Gardeners" is adopted from the ecologist Jantzen (32) .) The Purists claim that we do not want any pollution, however small. Bowles et al. (33) , for example, claims that sustainable management of old growth forests is illusory and that the only viable option is complete protection.
The other position, held by the Gardeners, is that since humans have a place in the world ecosystem, space has to be partitioned into zones. Some zones should be kept in pristine condition and managed as nature "gardens". Janzen (32) argues for the gardenification of wildland nature since "there is no footprint free world". Between these zones and the industrial/urban zone there must be zones where varying degrees of pollutant loads and resource uses are accepted. In the U.S., Clean Water Act, tiers 1 and 2 designations seem to support this view, whereas tier designation 3 that protect "outstanding national resource waters" (ONRWs) may not be compatible with reasonable interpretations of "gardenification". To protect outstanding national resources, critical loads may be assigned a second, lower, level.
Evidence presented in this study suggests the extent to which favorable siting of industry (in the present case; paper industry) may mitigate environmental, socioeconomic, and health effects of the industrial activity. However, the tradeoff between the criteria presented here and other criteria relevant for the use of pristine environments belong to the political sphere. To assist in eliciting political preferences that are consistent and durable, several techniques are available, like utility theory, pairwise comparison (34), "adds-on" to life cycle assessments, and techniques from integrated assessment theory. These assessments, that require society to consider value tradeoffs between environmental impact and the preservation of pristine areas, will be better informed when these attributes are explicitly characterized in studies such as this.
